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Carbon nanotubes (CNTs) are highly promising for strength reinforcement in polymer nanocomposites, but conflicting interfacial properties have been reported by single nanotube pull-out experiments. Here, we report the interfacial load transfer mechanisms during pull-out of CNTs from PMMA matrices, using massively-parallel molecular dynamics simulations. We show that the pullout forces associated with non-bonded interactions between CNT and PMMA are generally small, and are weakly-dependent on the embedment length of the nanotube. These pull-out forces do not significantly increase with the presence of Stone Wales or vacancy defects along the nanotube. In contrast, low-density distribution of cross-links along the CNT-PMMA interface increases the pull-out forces by an order of magnitude. At each cross-linked site, mechanical unfolding and pull-out of single or pair polymer chain(s) attached to the individual cross-link bonds result in substantial interfacial strengthening and toughening, while contributing to interfacial slip between CNT and PMMA. Our interfacial shear-slip model shows that the interfacial loads are evenlydistributed among the finite number of cross-link bonds at low cross-link densities or for nanotubes with short embedment lengths. At higher cross-link densities or for nanotubes with longer embedment lengths, a no-slip zone now develops where shearlag effects become important. Implications of these results, in the context of recent nanotube pull-out experiments, are discussed.
Introduction
Polymer nanocomposites show substantial property enhancements at much lower filler densities compared to conventional polymer composites reinforced with micron-scale fillers, which ultimately results in lower component weight. These property enhancements arise from the orders-of-magnitude higher surface-to-volume ratio of the nanoscale filler particles for interfacial load transfer. Carbon nanotubes (CNTs) possess ultrahigh stiffness of approximately 1 TPa with tensile strength of approximately 100 GPa [1] , and are postulated to be ideal nanoscale fillers for strength enhancement in polymer nanocomposites. To-date, the macroscopic properties of CNTpolymer nanocomposites have fallen short of expected values. A predominant failure mode is the pull-out of individual nanotubes from the polymer matrix [2] , implying a lack of efficient load transfer across the CNT-polymer interface.
Single nanotube pull-out tests are ideal measurements to quantitatively characterize the interfacial load transfer between CNT and the polymer matrix. Such experiments involve the use of atomic force microscopy (AFM) probes ex situ, or are conducted in situ within a scanning electron microscopy (SEM) chamber. However, conflicting interfacial shear strengths (IFSS) between CNTs and polymer matrix have been reported by single nanotube pull-out experiments conducted over the past decade. Tsuda et al. [3] obtained IFSS values of 3-14 MPa for the pull-out of CNTs from poly-ether-ether-ketone (PEEK) matrix. Ganesan et al. [4] obtained similar IFSS values of 3-10 MPa for a CNT-epoxy system. These low IFSS values suggest poor interfacial bonding between CNT and the polymer matrix, and hence minimal reinforcing effect of the nanotubes. Ding et al. [5] , however, showed that the outer surface of CNT was surrounded with epoxy polymer after the pull-out process, which implied strong bonding across the CNTepoxy interface. Much higher IFSS values were indeed obtained by Nie et al. [6] and Chen et al. [2] for CNT-polymethyl-methacrylate (PMMA) systems (47-48 MPa), Barber et al. [7] for CNT-polyethylene-butane systems (47 MPa), as well as Barber et al. [8] for CNT-epoxy systems (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) . These higher IFSS values suggest the presence of covalent bonds in the form of crosslinks between CNT and the polymeric matrix, although these values were well-below reported IFSS values of approximately 150 MPa for chemically-functionalized CNTs in epoxy matrices [8] .
The above-mentioned single nanotube pull-out experiments are highly non-trivial and are susceptible to significant experimental errors; the associated fluctuations in measurement data could obscure proper interpretations of the interfacial properties and pull-out mechanisms. Some of these experiments have reported a saturation in the critical pull-out force with embedment length of the nanotube, implying a shear-lag effect [2, 8] . However, analytical models by Jiang et al. [9] show that shear-lag effects are not present for the case of pure van der Waals interactions between CNT and the polymer matrix. In fact, these analytical models predict negligibly small nanotube pull-out force, which is independent of the embedment length of the nanotube. In contrast, molecular dynamics (MD) simulations have reported wide-ranging IFSS values, from approximately 2-3 MPa to approximately 27-36 MPa for various CNT-polymer systems [10] [11] [12] [13] , with some reporting IFSS values exceeding 100 MPa [10] . The large discrepancies among MD simulation results can be attributed to the relatively short approximately 10 nm model length of the nanotubes, compared to the actual nanotube embedment lengths spanning approximately 100 nm to several microns in experiments.
In this paper, we conduct pull-out simulations of single-walled CNTs (SWCNTs) from PMMA matrices, with embedment lengths of up to 500 nm (figure 1a). We show that the pull-out forces associated with non-bonded interactions between SWCNT and PMMA are generally small, and are weakly-dependent on the embedment length of the nanotube or the presence of Stone Wales or vacancy defects. In contrast, low-density distribution of cross-links along the SWCNT-PMMA interface substantially increases the pull-out forces and interfacial toughness, through a unique mechanism of polymeric chain pull-out, chain unfolding, and subsequent scission of the attached cross-link bonds. This load transfer mechanism is incorporated in an analytical model, which captures the transition in the interfacial load distribution from shear-slip to shear-lag, depending on the nanotube length and cross-link density. 
Molecular dynamics modelling
Our MD simulations are performed using LAMMPS [14] . We adopt the DREIDING force field potential [15] to describe the interactions among all atoms in our SWCNT-PMMA system. While the DREIDING force field parameters governing C, H, and O atoms within PMMA are wellestablished, those for C atoms comprising the SWCNT are not well-studied. To this end, we perform tensile stretching of a SWCNT in a periodic MD simulation box using the AIREBO potential [16] , which has been widely used to study the deformation behaviour of SWCNTs or graphene [17] . We then calibrate the bond order parameter (=1.43) in the DREIDING force-field to match the AIREBO tensile stress-strain response. Non-bonded interactions between SWCNT and PMMA are governed by the exponential (X6) form of the DREIDING potential which more accurately describes van der Waals interactions, compared to the standard 12-6 form of the Lennard-Jones potential [15] . A fixed time step of 1 fs was implemented throughout our MD simulations.
The atomic configuration of an uncross-linked, amorphous PMMA matrix is generated using a rapid heating and quenching technique. We start with a single PMMA polymer chain within a 16.8 × 8.6 × 10.6 nm 3 unit cell which is generated using Polymer Modeler [18] . The single PMMA chain comprises of 500 monomers, representing PMMA with a molecular weight of 50 000 g mol −1 , to be in accordance with prior experiments [2] . Continuous configurational bias Monte Carlo algorithm is used to randomly assign backbone dihedral angles, which ensures statistically variant representations of monomers in the chain. See close-up view of the repeated monomer units within the PMMA polymer chain in figure 1b. We construct the full MD simulation box by replicating the unit cell l × m × n times in the x × y × z directions depending on the embedment length of the nanotube L (nm) within PMMA, where l = L/10, and m = n = 3 for L ≤ 100 nm or m = n = 5 for L > 100 nm. We also introduce a 20 to 50 nm thick vacuum layer in the +x direction of the simulation box, and include a reflecting wall boundary at the PMMAvacuum interface to constrain mobile PMMA chains from entering the vacuum layer during the heating and quenching process (Stages I to III); this reflecting wall boundary is subsequently removed during the equilibration stage (Stage IV) as well as during nanotube pull-out. Periodic boundary conditions are maintained in the y and z directions throughout our simulations.
We embed one end of a (40,0) SWCNT within the PMMA matrix, while allowing the other end to freely protrude in the vacuum layer ( figure 1c, initial) . Freezing the C atoms constituting the SWCNT, we heat the PMMA matrix to the target temperature of 1000 K over a 1 ns period using a Nosé-Hoover thermostat, while fixing the simulation box size (figure 1c, Stage I). Because of the low polymer density of 0.05 g cm −3 , this heating process allows the highly mobile polymer chains to intermix and become entangled, as well as to wrap around the nanotube. Subsequently, we compress the PMMA matrix by applying an external box pressure of 2000 atm in the y and z directions for 0.5 ns, while maintaining the temperature of 1000 K (figure 1c, Stage II); the PMMA matrix reaches a density of 0.98 g cm −3 at the end of this stage (figure 1d). The system is then quenched to the target temperature of 300 K for 1 ns, while maintaining wall pressures of 50 atm in the y and z directions (figure 1c, Stage III). The PMMA matrix reaches a steady-state density of 1.02 g cm −3 at the end of Stage III (figure 1d), which is close to that for pure PMMA in experiments [19] . Finally, we equilibrate the entire system including the SWCNT with an NVT ensemble, maintained at 300 K for 1 ns. Distinct waviness for the longer 300 nm and 500 nm SWCNTs is observed at the end of this process (figure 1c, Stage IV). We then simulate the pull-out of the SWCNT from the PMMA matrix by applying a constant force F x at the free, protruding end of the nanotube in the vacuum region, while fixing the displacements of a 2-5 nm-thick slab of PMMA atoms at the opposite end (−x) of the simulation box. Throughout this pull-out process, the target temperature of the PMMA atoms are maintained at 300 K with a Berendsen thermostat.
Results
(a) Non-bonded interface interactions Figure 2a traces the end-displacements of a SWCNT with embedment length of L = 100 nm within a PMMA matrix, subjected to increasing applied loads F x ; the atomic configurations at three timeinstances are included in figure 2b. Pull-out of the SWCNT is not observed at F x = 1.5 nN and 1.9 nN. At F x = 2.0 nN, both ends of the nanotube are displaced in-sync which indicates rigid pullout of the nanotube. Figure 2c ,d shows the end-displacements and atomic configuration snapshots of a L = 500 nm SWCNT. Higher F x of 3.5 nN is now required to initiate sliding of the longer nanotube, but the nanotube stops moving after approximately 0.5 ns; this slip-stick behaviour is attributed to waviness of the longer L = 500 nm SWCNT (figure 2d) compared to the relatively straight shorter L = 100 nm SWCNT (figure 2b). Increasing F x to 4.0 nN allows the L = 500 nm nanotube to be completely pulled-out from the PMMA matrix.
For a CNT-polymer interface that is characterized by weak van der Waals forces, the critical pull-out force can be derived as [9] where ρ c = 7.64 × 10 17 m −2 is the area density of a coarse-grained bead of 50 carbon atoms on a rolled graphene sheet, ρ p = 6.14 × 10 27 m −3 is the volume density of PMMA monomers, r = 1.56 nm is the radius of the (40,0) SWCNT, and (σ , ε) are the coarse-grained van der Waals parameters for the CNT-PMMA interface, with 6 √ 2σ = 7.71 Å and ε = 0.12 eV representing the average equilibrium distance and bond energy across the interface [20] . Note that .1) is derived by homogenizing the van der Waals interaction between ideally-straight CNT and PMMA, and does not account for statistical variation/fluctuation in the spatial distribution of amorphous polymeric molecular groups which contribute to local friction effects. Such effects are exacerbated with increasing L due to increasing waviness of the longer nanotube. Nevertheless, the calculated F c from MD remains small even for wavy nanotubes. For example, the measured F c of approximately 3.75 nN for wavy L = 500 nm nanotubes translates to an average IFSS of approximately 0.77 MPa which is comparable to experimentally-reported IFSS values of 0.40-0.69 MPa for a graphene-polymer system [21, 22] , but much smaller than experimentally-reported IFSS values of 3-47 MPa for CNT-PMMA interfaces [3, 4, 7, 8] .
As-grown CNTs from chemical vapour deposition processes [23] may contain a small percentage of vacancy or Stone-Wales defects. High-quality SWCNTs have been shown to contain 1 defect per 4 µm length on average with a distribution weighted towards areas of high nanotube curvature [24] . Much higher vacancy and Stone-Wales defect densities can be generated during the sonication process required to separate the nanotubes and disperse them uniformly throughout the polymer matrix [17] . To quantify the contribution of these individual types of defects to the critical pull-out force, we separately introduce varying proportions of Stone-Wales or vacancy defects along the nanotube by randomly rotating C−C bonds by 90°or removing C atoms, and repeating the nanotube pull-out simulations. Results demonstrate that the presence of Stone-Wales defects has negligible effect on F c (figure 3b). Increasing density of vacancy defects proportionally increases F c (figure 3c), but the IFSS remains small even at high vacancy defect density of 5% (approx. 3.4 MPa for L = 300 nm nanotube). 
(b) Bonded interface interactions
Local friction effects arising from non-bonded interactions between the nanotube and PMMA matrix alone cannot explain the much higher pull-out forces from experiments. This implies the presence of bonded interactions in the form of cross-links between CNT and PMMA. In the chemical structure of methyl-methacrylate, which is a monomer for PMMA, the C atoms within the carboxylic groups can undergo sp 3 -hybridization to form covalent bonds with C atoms comprising the SWCNT. We employ a search algorithm to determine potential C−C sites for crosslink formation between SWCNT and PMMA. Covalent bonding between designated cross-link C−C atom pairs is modelled via a harmonic spring potential, with parameters consistent with sp 3 -sp 3 -bonded C−C atoms specified in the DREIDING force field. As far as possible, we attempt to evenly distribute the cross-link bonds along the SWCNT to achieve near-uniform cross-link bond spacing in our MD simulations.
We first model a single cross-link bond near the middle of a L = 100 nm SWCNT embedded within PMMA, with the nanotube subjected to an applied load of F x = 16 nN. Figure 4a shows the stretch of the cross-link and surrounding bonds (labelled 1 to 5 in the inset) during the pullout process. Observe that much of the deformation is accommodated by stretching of bonds 1 to 3 which constitute the backbone C−C bonds of the cross-link PMMA chain, while sp 3 -configured C−C bonds within the nanotube (bond 4) and the C−O bonds in carboxylic groups (bond 5) are not significantly strained. Eventual bond scission is expected at the highly-strained C−C cross-link (bond 1). However, the non-reactive DREIDING force field does not allow for bond scission. To circumvent this, we periodically monitor the cross-link bond distance every 100 fs, and operationally define a bond distance of 2 Å as the criterion for bond breaking, which translates to a breaking strain of approximately 18%. Figure 4b shows the axial force distribution, calculated from the spatially-averaged σ xx virial stress along the SWCNT, at three time-instances during the loading process. 1 ns in figure 5b) , which is close to the critical load for bond scission. Despite the higher loads undertaken by crosslink 1, the chain pull-out lengths remain similar for all three cross-links (0.1 ns in figure 5c). Once cross-link 1 breaks, the applied pull-out force is now redistributed evenly between crosslinks 2 and 3, allowing both these cross-links to stretch uniformly (0.2 ns) and fail concurrently (0.35 ns). Observe that the pull-out lengths of polymer chains attached to cross-links 2 and 3 are several-folds longer compared to cross-link 1 at the point of failure (figure 5c). Close examination shows that cross-links 2 and 3 were attached to C atoms near the terminal ends of the polymer chains, while cross-link 1 was attached to a C atom closer to the middle of the 500-monomer polymer chain. As such, the applied load results in stretching and pull-out of (a) single polymer chains attached near the unterminated chain-ends to cross-links 2 and 3, and (b) both sides of the same polymer chain attached near the middle to cross-link 1. Much higher loads are therefore undertaken by the mid-chain-bonded (M) cross-link 1, versus the end-chain-bonded (E) cross-links 2 and 3, which explains the earlier onset of failure for the (M)-type cross-link.
We next model five cross-links spaced approximately 27.5 nm apart along a L = 300 nm SWCNT. Cross-links 1 and 4 are mid-chain-bonded (M), while cross-links 2, 3, and 5 are end-chain-bonded (E). An applied load of F x = 30 nN was insufficient to break the cross-link bonds, and we subsequently increased F x to 40 nN to induce nanotube pull-out, as shown in figure 6 . We observe localized pull-out and stretching of all five cross-link chains, with both (M)-type cross-links 1 and 4 undergoing the largest bond stretch (figure 6a) and eventually failing after 0.1 ns (figure 6b). The remaining (E)-type cross-links 2, 3 and 5 are then subjected to the full 40 nN applied load, resulting in substantial localized chain pull-out exceeding the approximately 27.5 nm initial spacing between cross-links (figure 6c); all three (E)-type cross-links simultaneously fail after approximately 0.2 ns.
The presence of cross-links along the SWCNT-PMMA interface allows the matrix to undergo significant deformation. We perform the pull-out of SWCNTs of L = 500 nm embedded within PMMA matrices with a distribution of (E)-type cross-links, with average cross-link densities of 0.011 nm −1 (figure 7a,b(i)(ii)) and 0.02 nm −1 (figure 7a,b(iii)) per unit nanotube length. The applied load is evenly-distributed among all cross-links, as shown in figure 7a, since they are of the same type. Figure 7b shows the corresponding σ xx axial stress contours within the PMMA matrix. We include, for reference, the uniaxial tensile stress-strain response, and corresponding deformed atomic configurations of bulk PMMA (without the nanotube) in figure 7c,d. Initiation of matrix yielding is observed near the nanotube-PMMA interface at F x = 40 nN (figure 7b(i)). At higher loads of F x = 50 nN, the matrix undergoes post-yield softening ( figure 7b(ii,iii) ). While no breaking of the cross-link bonds was observed at these loads, our simulations for F x = 50 nN show evidence of matrix cracking near the embedded end of the nanotube (x = 0), where significant load has been transferred to the PMMA matrix.
Interfacial slip model
When the interfacial properties between SWCNT and the PMMA matrix are governed by weak van der Waals forces, the SWCNT slides with little resistance. However, the presence of even a few cross-links between SWCNT and PMMA substantially increases the critical pull-out loads, and allows for significant load transfer to the matrix. The load transfer process is dominated by stretching of individual polymeric chains attached to the cross-link bonds by means of mechanical unfolding [25] , pull-out of these individual polymeric chains, and subsequent scission of the cross-link bonds. This process allows for substantial relative slip between the nanotube and PMMA matrix, which is not accounted for in classical shear lag models [26] [27] [28] [29] .
The load transfer process along cross-linked SWCNT-PMMA interfaces can be delineated into three phases, as outlined in figure 8a: (i) pull-out of the SWCNT resulting in shear τ i along the interface at radius r, (ii) relative sliding between SWCNT and PMMA, as represented by a zero-thickness cohesive zone law governing the shear traction τ i versus slip-displacement δ s the PMMA-nanotube interface obtained from MD simulations for L = 500 nm at F x = 50 nN in figure 7a(iii). We observe negligible matrix stress (less than 1.5% of the approximately 90 MPa PMMA yield strength) beyond ρ = ρ ∞ = ∼360 nm. Since τ = G((du)/( dρ)), the axial matrix displacement u can be integrated within the limits of ρ = r and ρ ∞ to give
where u r is the matrix displacement along the SWCNT-PMMA interface, and u ∞ is the (bulk) matrix displacement at ρ ∞ . Differentiating (4.1) with respect to x, and noting that ((du ∞ )/(dx)) = 0, we obtain du r dx = − dτ i dx
The relative slip between SWCNT and the PMMA matrix caused by the pull-out of cross-linked chains can be expressed as figure 8b , is remarkably similar to the uniaxial stretching and unfolding of polypropylene chains reported in recent experiments [25] . A critical force of approximately 6 nN is required to initiate pull-out of individual polymeric chains attached to the (E)-or (M)-type cross-links. These polymeric chains undergo unfolding as they get pulled-out, resulting in relative slip between the nanotube and PMMA matrix. Observe that F b varies almost linearly with δ s for both (M)-and (E)-type cross-links, but the (M)-type crosslink has a fourfold higher stiffness than the (E)-type cross-link. Sequential snapshots of the chain pull-out process for the (M)-and (E)-type cross-links are shown in figure 8c and 8d, respectively. Hence, the chain-pull-out process can be described by stiffness, which scales inversely with the number of monomers on the chain, based on freelyjointed chain model [30] . In our PMMA model system, each polymer chain comprises of 500 monomers. The simultaneous pull-out of two 250-monomer chains attached to the (M)-type cross-link, versus the pull-out of single 500-monomer chain attached to the (E)-type cross-link, results in a fourfold higher β. Both cross-link bonds have a breaking force of approximately 13 nN, which allows polymeric chains attached to (E)-type cross-links to undergo substantial slip of approximately 45 nm prior to scission, compared to approximately 10 nm for polymer chains attached to (M)-type cross-links. We remark that these slip-lengths prior to bond scission are still shorter than the completely unfolded chain lengths of approximately 38 and 77 nm attached to the (M)-and (E)-type cross-links, respectively. As shown in figure 8b , the onset of slip depends strictly on τ i : δ s = 0 in (4.3) when |τ i | < |τ 0 |, and δ s varies linearly with τ i per (4.4) when |τ i | > |τ 0 |. Considering both these conditions, we substitute (4.4) in (4.3) and differentiate with respect to x to obtain
where H() denotes the Heaviside step function. Equating (4.5) and (4.2), the relationship between the matrix shear stress τ i and the axial stress distribution along the SWCNT σ f can be expressed as
where E f = ∼1 TPa is the axial stiffness of the SWCNT. From force balance along the SWCNT with wall thickness t = ∼0.34 nm, we obtain
Substituting (4.7) in (4.6), the equilibrium equation for the embedded tube segment in the PMMA matrix can be expressed as
with the boundary conditions σ f = 0 at x = 0, and σ f = F x /(2π rt) at x = L. Note that (4.8) can be solved analytically for either the full-slip case (|τ i | > |τ 0 |) or the no-slip case (|τ i | < |τ 0 |) to obtain
and
For all other cases where a transition from no-slip to slip occurs along the nanotube, (4.8) has to be solved numerically.
Discussion
Our MD simulations in §3b focus on the nanomechanical pull-out response in the presence of a low-density distribution of cross-links along the nanotube-PMMA interface, ranging from 0.011 nm −1 to 0.036 nm −1 . For the L = 500 nm nanotube with average cross-link density of 0.011 nm −1 , our interfacial shear-slip model predicts full-slip along the nanotube resulting in a linearly-varying load distribution profile (dashed lines in figure 7a(i)(ii)). With a higher crosslink density of 0.02 nm −1 resulting from closer bond spacing b s , a transition to no-slip is now predicted near the last approximately 1-2 cross-link bonds located at x 1 ∼ 150 nm (dashed line in figure 7a(iii) ). These model predictions are in good agreement with MD simulation results (solid lines in figure 7a ). Based on our interfacial slip model in (4.8), we show in figure 9 the effects of bond spacing b s on the axial force and interfacial shear stress distribution along nanotubes with (M)-or (E)-type cross-links. At large b s of 100 nm, interfacial slip almost occurs over the entire span of the L = 800 nm nanotube, and the applied pull-out load of F x = 50 nN is evenly distributed among the various cross-links of the same type. With decreasing b s , however, interfacial slip becomes increasingly confined to the pull-out end of the nanotube. The near-uniform shear stress distribution, which tapers gently from its peak value at x 1 = L to the termination point of slip at τ i = τ 0 (denoted by open symbols in figure 9c,d ), now exponentially decays within the noslip regime because of shear-lag effects. Once the shear-lag zone becomes fully-developed, i.e. τ i → 0, then the interfacial load transfer to the matrix is complete, and the shear-stress distribution will effectively be independent of L. We further note that the peak IFSS at the pull-out end of the nanotube sharply increases with decreasing b s . We believe that this strong b s -dependence contributes to the wide-ranging IFSS values (approx. 3-47 MPa) reported in nanotube pull-out experiments [3, 4, 7, 8] .
Relative slip between the nanotube and the polymer matrix is triggered when the magnitude of τ i exceeds the critical stress τ 0 in (4.4), and we define the slip-length L s as the distance along the nanotube (measured from the pull-out end) where slip is activated. Figure 10 summarizes the effects of b s and applied pull-out force F x on L s . Note that L s increases almost linearly with b s across all F x , since, for the same nanotube length, more load is now undertaken by the fewer cross-link bonds to induce pull-out of the attached polymer chains. For each F x , there also exists a critical b s beyond which full-slip condition along the entire length of the nanotube is achieved, i.e. L = L s . Conversely, no-slip condition, i.e. L s → 0, is nearly reached at very small b s akin to chemically functionalized CNTs. For these two limiting cases, the load distribution along the nanotube will be governed by the full-slip/no-slip analytical model in (4.9). To initiate nanotube pull-out from the PMMA matrix, the applied pull-out force F x must locally induce the pull-out of polymer chains attached to the individual cross-links, and mechanically stretch (unfold) these chains. Subsequent scission of the cross-link bonds can occur once the applied pull-out force is sufficiently large. At small b s or for sufficiently long nanotubes, where τ i decays exponentially within the shear-lag zone, breaking of the cross-link bonds is expected to occur sequentially to resemble stable crack-like propagation. At large b s or for short nanotubes, where the applied load is uniformly distributed among the finite number of cross-link bonds, near-instantaneous catastrophic failure of the nanotube-PMMA interface can be expected. As shown in figure 9c,d , the maximum interfacial shear τ max resides at x = L. To break the first cross-link bond there, τ max (2π rb s ) must exceed the bond scission force of approximately 13 nN, from which we obtain the critical pull-out force F c . We summarize in figure 11a, 
20 nm This critical bond spacing for the (M)-type cross-link is typical of chemically-functionalized CNTpolymer composites [8] , implying that nanotube fracture rather than nanotube pull-out will be the predominant failure mode for these composites.
In the case of non-chemically-functionalized CNT-polymer composites, low-density distribution of cross-links are expected to form naturally along the nanotube-polymer interfaces during the fabrication process. Nanomechanical experiments confirm that the measured pullout force of single nanotubes from such composites is much lower than the breaking force of the individual nanotubes [3] . Results from these pull-out experiments also show that F c linearly increases with L at short L, but saturates at longer L [2, 4, 8] . The open symbols in figure 11c show the experimental data for the pull-out of a (40,0) nanotube from a 500-monomerper-chain PMMA composite [2] , akin to what we have simulated with MD. We include the predictions of our interfacial slip model for and experiments [2] confirms that bonded interface interactions in the form of (M)-type crosslinks can form between CNT and the polymer matrix, even without chemical functionalization. Our results also suggest that (E)-type cross-links are not prevalent in the nanocomposite structure, since saturation of F c for the (E)-type cross-link occurs at much longer nanotube lengths of approximately 1.5 µm, as shown in figure 11b .
The breaking of the cross-link bonds along the CNT-PMMA interface results in substantial interfacial toughening. The energy release rate, J c , can be delineated into contributions from (a) the release of stored elastic energy from the PMMA matrix, as well as (b) work done from the pull-out and unfolding of polymeric chains attached to the cross-links, and subsequent breaking of the cross-links (i.e. slip contribution) 
Conclusion
Large-scale massively-parallel MD simulations were performed to elucidate the interfacial loadtransfer mechanisms during the pull-out of SWCNTs from PMMA matrices. Pull-out forces associated with weak van der Waals interactions were demonstrated to be small, even with the presence of Stone-Wales and vacancy defects. Bonded interactions in the form of cross-link bonds between the nanotube and PMMA significantly increased the pull-out forces. The interfacial strengthening and toughening arises from localized pull-out of polymer chains attached to the individual cross-link bonds, stretching via mechanical unfolding of these polymer chains, and eventual scission of the cross-link bonds. This chain pull-out mechanism results in significant interfacial slip along a nanotube-PMMA interface with a finite number of cross-link bonds, which allows the pull-out loads to be evenly distributed among all cross-link bonds. At higher cross-link densities or when the embedment length of the nanotube is sufficiently long, shear-lag effects now develop within the no-slip regime of the nanotube. This sharp transition in the load transfer mechanisms, from pure interfacial slip to the development of shear lag response, explains the results of previous nanomechanical pull-out experiments.
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